In this topical review, we outline the construction of a reflection high-energy electron diffraction (RHEED) surface pole figure from a polycrystalline film by recording multiple RHEED patterns as the substrate is rotated around the surface normal. Due to the short penetration depth of electrons, the constructed pole figure is a surface pole figure. It is in contrast to the conventional x-ray pole figure which gives the average texture information of the entire polycrystalline film. Examples of the surface pole figure construction processes of a fibre texture and a biaxial texture are illustrated using Ru vertical nanorods and Mg nanoblades, respectively. For a biaxially textured film, there often exists an in-plane morphological anisotropy. Then additional intensity normalization must be applied to compensate for the effects of anisotropic morphology on RHEED surface pole figure construction. Rich information on the texture evolution, such as the change in the tilt angle of the texture axis, has been obtained from the in situ study of oblique angle vapour deposition of Mg nanoblades using RHEED surface pole figures. Finally we make a comparison between the RHEED surface pole figure and the conventional x-ray pole figure techniques.
Introduction
The preferred crystalline orientation, or texture, is a fundamental property of the polycrystalline film and it directly controls many important physical properties such as optical, magnetic, mechanical and electrical properties of the films. Texture formation is a very complex phenomenon. To date, the fundamental understanding of the atomistic mechanisms on texture evolution still remains a challenging subject. Many effects such as surface diffusion, step barriers, sticking coefficient, surface energy, strain energy and shadowing effect [1] [2] [3] [4] [5] [6] , can play roles in the formation of a texture. To construct a realistic atomistic model, one requires detailed knowledge on how the surface texture evolves at different stages of growth. This information is very often not available mainly due to the lack of experimental techniques that allow one to measure the surface texture quantitatively. The conventional x-ray diffraction (XRD) probes an average texture of the entire thickness of the film since x-ray penetrates into the entire film [7] . As the texture of a film very often changes during growth, information on the surface texture evolution is mostly lost in the XRD analysis.
Reflection high-energy electron diffraction (RHEED) has been a powerful technique for the study of surface structure and surface ordering phenomena due to limited penetration and escape depths of electrons [8] . The electron beam strikes the surface at a grazing angle of less than a few degrees and the RHEED pattern is formed on a phosphor screen. Despite multiple scattering of electrons, RHEED has the advantage of fast data acquisition due to strong electron scattering cross section and is compatible with the deposition of thin films in a vacuum. Surface phase, surface reconstruction and crystallography can be obtained readily from the diffraction pattern. RHEED is also an indispensable tool to monitor layerby-layer growth of single crystal films. This is achieved by following the 'intensity oscillation' phenomenon where each cycle of oscillation implies the growth of one monolayer of material [8, 9] .
Recent studies showed that RHEED can also be used to obtain information such as crystal phase, orientation and grain size and shape from the diffraction patterns of polycrystalline films [10] [11] [12] [13] [14] [15] [16] [17] . However, this RHEED pattern only gives partial information for the crystal orientation. A complete characterization of the texture, including the azimuthal orientation, usually requires the collection of multiple diffraction patterns. Brewer et al [18] has used a RHEED in-plane rocking curve to obtain the information about the azimuthal angle orientation of textured thin films. This rocking curve is constructed by rotating the sample around the surface normal and recording the maximum intensity for each diffraction spot. More recently, we demonstrated the feasibility of a RHEED surface pole figure technique [19, 20] , by which the complete characterization of the texture becomes possible. In this measurement, the polar angle intensity profile of a particular family of crystal planes is first constructed from a single RHEED pattern. Then the combination of intensity profiles from multiple RHEED patterns for different azimuthal angles gives a surface pole figure.
In this topical review, we first give a brief overview of texture characterization by the RHEED pattern analysis. Then the main content of this paper shifts to the newly developed RHEED surface pole figure technique, including the construction process and the possible artefacts that can occur during the combination of multiple RHEED images. The surface pole figures of nanostructured films grown by oblique angle deposition (OAD) are shown and discussed. Finally we compare the RHEED surface pole figure technique with the conventional x-ray pole figure technique.
RHEED pattern analysis

Reflection and transmission patterns
RHEED patterns can be classified into reflection and transmission patterns.
For single crystal films, both kinds of patterns are often observed, to what extent depends on the surface morphology of the film. However, in polycrystalline films transmission patterns are usually observed. The schematics of various electron scattering geometries, film morphologies and crystalline structures are shown in figures 1(a), (d) and (g). For a smooth single crystal surface, electrons are reflected from the surface as shown in figure 1(a). In this reflection mode, [8, 21, 22] , electrons only penetrate the very top atomic layers. The reciprocal space is therefore composed of a set of one-dimensional rods along the surface normal as shown in figure 1(b) . The rods are often broadened and have a finite width due to the existence of either imperfections in the surface or the finite instrument response of the RHEED system, or both. We can construct the Ewald sphere in this reciprocal space, also shown in figure 1(b) .
The intersection of the Ewald sphere with each reciprocal rod would produce a reflected beam that is elongated into a streak. The streaks occur on the so-called Laue circles [8, 21] . In figure 1 (b) the zeroth-order Laue circle is shown as a dashed circle. The diffraction pattern therefore consists of a series of streaks as shown in figure 1(c) . In RHEED geometry, only the upper part of the diffraction pattern can be measured because the bottom part was shadowed by the substrate. The straight through beam is the incident electron beam without hitting the substrate. If one has a perfect single crystal surface and a very good RHEED instrumental response, then the reciprocal lattice rods become very narrow and the streaks shrink into spots. The corresponding diffraction pattern is indicated by dots in figure 1(c) . In the reflection pattern, the specular diffraction spot labelled as (0 0) in figure 1(c) would always appear.
Although RHEED reflection patterns are mostly used by researchers to study the properties of single crystal surface, the transmission patterns are also often observed [8] . Figure 1(d) shows the electron incident geometry for a surface containing small single crystal islands. In the transmission mode, most of the electrons would enter the crystalline islands from one face and are scattered out of the crystal islands through another face. Since many atomic layers parallel to the surface are involved in the diffraction, the reciprocal space is composed of spots as shown in figure 1(e). The corresponding diffraction pattern shown in figure 1( f ) would also consist of spots. The specular spot is usually missing in the RHEED transmission pattern due to the interference of electron scattering from different atomic layers perpendicular to the surface. This can be used to identify whether the RHEED image is in a reflected or a transmitted pattern. Another important feature of the transmission pattern is that it is determined by the bulk of the crystals and not by the individual faces of the crystals. In this case, the transmission pattern can be uniquely correlated with a certain orientation of the crystals. As we will demonstrate below, this feature serves as the foundation for the study of the crystal orientation of polycrystalline films using RHEED.
Since the polycrystalline film is composed of many different crystallites with different orientations, the film is usually rough, as shown in figure 1(g). In this case, the electrons penetrate through crystallites and a transmission electron diffraction pattern is formed, as shown in figure 1(i). Although a single crystal can also produce transmission patterns, patterns from a polycrystalline film have distinct features. In a polycrystalline film, all the islands have their own crystal orientations and are not coherently related to each other. The reciprocal space therefore is a sum of individual reciprocal spaces with different orientations [10, 11] . When the crystallites are randomly oriented, the reciprocal space structure can be viewed as a set of concentric spheres. In figure 1 (h) we show one of these spheres as the darker spherical image centred at the origin of the reciprocal space or the end of k in [10, 11] . The intersection of the Ewald sphere with each reciprocal sphere produces a circle, called the Debye ring. The corresponding diffraction pattern consists of concentric rings, as shown in figure 1(i). Since the incident beam passes through the centre of the reciprocal spheres, it is also the centre of the concentric rings. When a polycrystalline film develops a preferred crystalline orientation, or texture, these rings will be broken into individual arcs as we will discuss in later analyses. In (a) the electron beam is reflected from the top surface layer. In (d) and (g) the electron beam is transmitted through tips of islands or crystallites. k in and k out are the wave vectors of the incident and scattered electron beams, respectively. The Ewald sphere constructions of electron scattering in these three cases are shown in (b), (e) and (h). Their corresponding diffraction patterns are shown in (c), ( f ) and (i), respectively. The horizontal dashed line in each of (c), ( f ) and (i) represents the shadowing edge. The straight through beam is the incident electron beam without hitting the substrate. The (0 0) in (c) represents the specular spot. The dark shaded sphere in (h) is the reciprocal structure from a polycrystalline that contains randomly orientated crystals.
Classification of textures
Bauer categorized textures of polycrystalline films into onedegree orientation (I-O) and two-degree orientation (II-O) textures [6] , which are shown in figures 2(a) and (b), respectively. I-O and II-O textures are also called fibre and biaxial textures, respectively. For the fibre texture one crystallographic direction of the crystallites is aligned parallel to the fibre axis or the texture axis. In the azimuthal direction around the fibre axis the crystalline orientation is randomly distributed. See figure 2(a) . If the angular orientation in the azimuthal direction is also aligned between the crystallites, then the texture is called a biaxial texture. In the biaxial texture, two crystallographic axes point in two preferred directions. See figure 2(b) . If the crystal axes show no preferred orientation (orientate randomly) then it is called a random orientation. See figure 2(c). The extreme case of a biaxial texture is a single crystal type of texture. See figure 2(d). All crystals axes are oriented exactly in the biaxial directions.
RHEED patterns of textured films
RHEED patterns have been used for thin film analysis for a long time [6] . However, only recently several groups started to systematically study the RHEED patterns of textured films. For example, Stéphane et al have shown how to obtain the tilt angle of a fibre texture axis and the dispersion angle of a texture axis in Fe films from RHEED patterns [10] . Dmitri et al showed a similar analysis and expanded the method to a film having an arbitrary crystalline symmetry [11] .
RHEED pattern from a vertical fibre texture.
Ewald sphere construction is a standard method to obtain a RHEED pattern. For RHEED, a typical wave vector k in is much larger than the reciprocal lattice vector G; therefore, the Ewald sphere can be approximated as a plane in the measurable range. Then the diffraction condition can be simplified as [10, 11] 
(1) Equation (1) implies that all the reciprocal lattice vectors satisfying the diffraction condition lie in a plane perpendicular to k in . For a polycrystalline film, the reciprocal space is the sum of reciprocal spaces from individual crystal grains oriented in different directions [10, 11] . In the case of a polycrystalline film without any texture or preferred crystallite alignment, the reciprocal space structure can be viewed as a set of concentric spheres, representing a random orientation. For a textured film, the crystallites align around certain preferred directions; the reciprocal sphere therefore is broken into many parts. Figures 3(a) and (b) show the reciprocal space structures of a simple cubic (sc) lattice with a (0 0 1) out-of-plane texture. For an ideal texture, i.e. when there is no deviation in the texture orientation, the reciprocal space structure consists of a set of points along the texture direction superposed with a set of concentric rings lying in discrete parallel planes perpendicular to the texture direction. See figure 3(a). In the case when there is an angular dispersion in the texture orientation, the reciprocal space structure can be described by a set of concentric domes along the texture direction superposed with a set of concentric circular bands. Both domes and circular bands are parts of concentric spheres with a common centre at the origin of the reciprocal lattice. See figure 3(b) [11] .
Assuming that the incident wave vector k in is along the i axis, then the Ewald sphere can be viewed as the ( j k) plane. As a consequence equation (1) implies that the RHEED diffraction is the cross section of the reciprocal space in the ( j k) plane. The ( i, j , k) is the Cartesian coordinate in the laboratory framework where the measurement is taken. Figure 3(c) shows the calculated RHEED pattern of a (0 0 1) out-of-plane texture of a SC structure [23] . In this figure we can see that the pattern is basically composed of many concentric arcs, which is the signature of a polycrystalline diffraction pattern. For a particular family of crystal planes, the related arcs are distributed in a circle having the same radius. One distinct feature of fibre texture is that the whole pattern would be symmetrical to the texture axis, namely, the [0 0 1] texture axis in figure 3(c). 
RHEED pattern of a slanted fibre texture.
When the fibre axis is slanted, the entire reciprocal space would also tilt away from the substrate normal as illustrated in figures 4(a) and (b). Figure 4 (a) is the reciprocal space of an ideal tilted (0 0 1) fibre texture without any angular dispersion in the texture axis. The texture axis tilt angle β is measured from the substrate normal (at a value of 54
• in figure 4 (a)). Figure 4 (b) is the reciprocal space of the corresponding tilted (0 0 1) fibre texture with an angular dispersion in the texture axis. In figure 4 (c), we show the calculated RHEED pattern of the tilted (0 0 1) fibre texture when an electron beam is along the i axis, namely, the azimuthal angle φ = 0
• (180 • ). The azimuthal angle φ is the in-plane rotation angle measured from the i axis. In this case, the electron beam is perpendicular to the plane determined by the fibre axis and the substrate normal. The symmetry about the surface normal in this pattern is broken. The texture tilt angle β can be simply measured from the tilt angle of the (0 0 1) arc. Since the azimuthal angle around the fibre axis is fully random, this pattern contains all of the information of crystalline orientations. Nevertheless for this slanted texture, • (270 • ). We can see that the pattern is symmetric with respect to the substrate normal and the slanted nature of texture cannot be observed directly.
Although diffraction patterns have often been used for texture analysis, it can become much more complicated when multiple textures exist or when the texture is weak [16, 19] . For a biaxial texture, due to the confinement of the azimuthal angle orientation, the diffraction patterns will be always different when the electron beam is incident at different azimuthal angles. From a single diffraction pattern it is difficult to obtain quantitative information on the azimuthal angle orientation. To determine a biaxial texture, especially the azmithal orientation, a collection of multiple diffraction patterns is normally required. Brewer et al [18] have used a RHEED in-plane rocking curve to obtain the information on the azimuthal angle orientation. In the following section, we will demonstrate our newly developed RHEED surface pole figure technique [19, 20] .
RHEED surface pole figure construction
Experimental RHEED setup for surface pole figure measurements
Figure 5(a) shows a schematic of the experimental setup for the RHEED surface pole figure measurement in an ultrahigh vacuum chamber [19, 20] . In our RHEED experiments, the electron gun was typically operated at 9 kV. RHEED patterns on a phosphor screen were recorded using a charge-coupled device (CCD). As we will show later, from a single RHEED pattern, we are able to obtain a slice of the pole figure. This slice is the pole density along different polar angles θ at a fixed azimuthal angle φ. A UHV step motor is used to rotate the substrate in-plane to obtain different slices of the pole figure. The sample holder is adjustable so that the substrate normal can be almost exactly aligned along the rotational axis of the step motor. In this case the wobbling of the substrate is minimized to less than 0.05
• . The step motor has a step size of 1.8
• . A total of 200 patterns covering the azimuthal angle of 360
• was recorded for the pole figure measurements. The exposure time for each image was 5 s. The total data collection time was ∼20 min. For in situ characterization an evaporation source was added in the UHV chamber, as shown in figure 5(a) [16] . The evaporation source can move along a semi-circular track allowing the deposition angle to be varied.
Construction of RHEED surface pole figure using a 2D detector
In RHEED we use a phosphor screen as a two-dimensional detector to collect diffraction patterns.
The use of a two-dimensional area detector to construct pole figures has been reported in XRD [24] [25] [26] [27] and in transmission electron microscopy (TEM) operated in both transmission and reflection modes [28] . Compared with a point detector, the two-dimensional detector can collect a large range of polar angles at each azimuthal angle. This would tremendously reduce the data collection time.
Figure 5(b) shows a schematic to demonstrate the principle of using a two-dimensional detector to construct a pole figure. The grey sphere in figure 5(b) represents the reciprocal space of a family of crystal planes, for example, the (hkl) plane. The film is assumed to have a random orientation. In the measurement, the Bragg diffraction for the (hkl) plane can only be satisfied when the amplitude of the difference between k in and k out is equal to the radius of the (hkl) reciprocal sphere. Then the angle between k in and k out is equal to the specific Bragg angle 2θ (hkl) . For a particular k in , these points are distributed along a bold circle or Debye ring. From the figure, we can see that this circle almost covers the full range of the polar angle θ, from 0
• to 90 • , at a fixed azimuthal angle φ. Using a two-dimensional detector, it is possible to record the whole (hkl) diffraction ring, shown in figure 5(a), to construct the (hkl) pole figure. Then the substrate just needs to be rotated azimuthally in order to record the diffraction intensities at various space orientations. In the RHEED measurement, the scattered electron beam is confined in a small spatial angle, so the whole diffraction ring can be easily captured. However, for XRD, x-rays can be scattered into much larger spatial angles so that a 2D detector may not be able to cover the whole range of a particular Bragg scattering. Figure 5(c) demonstrates the relationship between a diffraction pattern and a pole figure. By definition a pole figure is a stereographic projection that represents the variation of the pole density distribution of a specific family of planes [7] . If one projects the (hkl) diffraction ring in figure 5(b) to the equator plane highlighted by the dashed circle then this would correspond to a slice of the corresponding (hkl) pole figure. This slice is represented as the bold straight line in figure 5(c) . If the film does not have a random orientation but has a texture then the continuous ring will be broken into arcs and the projection of arcs will have discrete poles or a variation of the pole density distribution. As the substrate is rotated azimuthally, different slices can be obtained to make up the whole pole figure.
Examples of RHEED surface pole figure construction
Fibre texture in vertical Ru nanorods
To illustrate the basic process of constructing a surface pole figure through RHEED images, we use a film with vertical Ru nanorods (∼340 nm thick) as an example [19] . Figure 6(a) is an scanning electron microscopy (SEM) cross section of the Ru film. The Ru vertical nanorods were formed by oblique angle sputter deposition with substrate rotation. Under OAD, the flux reaches the substrate at an angle tilted away from the substrate normal while the substrate is rotating around the substrate normal [29] [30] [31] [32] [33] . The shadowing effect in OAD leads to the nanostructured film. This growth method has provided a simple and versatile means of producing three-dimensional nanostructures from a wide variety of materials. Figure 6 (b) shows a typical ex situ RHEED diffraction pattern. The absence of a specular reflection spot indicates that this is a transmission pattern. The image consists of many diffraction arcs from different families of crystal planes. Before delving into the construction of a pole figure from the RHEED patterns, we discuss two generic features in the transmission patterns which may affect our measurements: Kikuchi lines and electron refraction effects [2, 8] . A Kikuchi line is a typical feature found in the transmission patterns of a thin single crystal film [8] . The Kikuchi lines originate from electrons that are inelastically scattered. These lines are distributed in places associated with the particular single crystal orientation and the direction of the incident electron beam. In a polycrystalline film, the Kikuchi lines from a large number of differently oriented crystallites will overlap. These may result in a uniform background and without resolvable lines from any particular crystallite, as shown in figure 6(b) . This background can be subtracted as we will discuss later in our analyses.
Another feature usually found in transmission patterns is the electron refraction effect due to the inner potential of the crystal. The refraction effect is most obvious when the electron beam passes through the boundaries of the crystallites, which leads to a shift of the diffraction arc. We have previously observed a splitting up to 2.1% of the radius of the Cu (2 2 0) diffraction arc [16] . In the case of Ru, we did not observe obvious splitting, as shown in figure 6(b) . This may be due to the fact that the intensity from the refracted electron is weak, which causes a broadening of the diffraction arcs instead of distinct splitting arcs. In figure 6(b) , the ratios between the various radii of the Ru diffraction rings match with a perfect HCP structure [17] . This indicates that the refraction effect is weak. In the pole figure construction, we integrate the intensity across the diffraction ring that will actually include contributions from both the unrefracted and refracted electrons.
For a particular family of crystal planes, such as (1 01 1) labelled in figure 6(b) , the related arcs are distributed in a circle having the same radius. The polar angle θ is defined by the angle tilting away from the substrate normal. Without significant distortion of images, the maximum polar angle θ that can be reached is ∼70
• due to the shadowing of the substrate. The intensity distribution along a particular ring as a function of θ represents one 'slice' of the pole figure for a particular azimuthal (in-plane) angle φ. at φ = 0
• (or equivalent to 180 • ). The procedure for normalization of the intensity is as follows. To obtain the intensity of a θ value from the diffraction ring, which is used for constructing a pole figure, we first integrate the intensity across that ring at the corresponding polar angle θ . The diffraction patterns usually have a diffuse background due to multiple and inelastic scatterings. Therefore, after integrating the intensity the background is subtracted. Next, the intensity, after the background subtraction, is normalized by dividing the background intensity. The last step is necessary because the intensity attenuation due to the multiple scattering depends on the distance from the shadow edge [15] . The value used for the background division normally is taken to be the intensity of the point slightly to the outside of the ring at the same polar angle θ .
The sample is then rotated around the surface normal to a different azimuthal angle φ in order to take another diffraction pattern. Another slice of pole figure is then obtained by measuring the intensity distribution along the ring with the same radius. The whole pole figure is then constructed by combining different 'slices' at various azimuthal angles ranging from 0 to 360
• . During the construction, the curvature of the Ewald sphere is also considered. However, its effects on the pole figure analysis are negligible [10, 11] . 
In situ RHEED surface pole figure of biaxial texture evolution in Mg nanoblades
A similar pole figure construction process for a fibre texture can also be applied to a film with a biaxial texture. The development of biaxial texture has attracted significant interest in many areas [34] [35] [36] [37] [38] since the biaxial texture mimics the orientation of a single crystal. For example [35] , high temperature superconducting copper oxides have been deposited on MgO biaxial films to minimize high angle grain boundaries. A much higher current density can be achieved with the superconducting layer deposited on the biaxial film. There are several evaporation methods that produce biaxially textured films, such as ion beam assisted deposition (IBAD) and OAD. Due to the simplicity and low cost, OAD has been recognized as an effective way to control the thin film texture. Biaxial texture is often observed under OAD with a stationary substrate. The oblique incident vapour flux breaks not only the azimuthal symmetry of crystal orientation but also the azimuthal symmetry of film morphology. This morphological anisotropy can severely distort the constructed pole figures. Here we used a very anisotropic Mg film as an example. This film was grown by OAD and composed of many ultrathin nanoblades [39] . We show that an extra intensity normalization process has to be used to compensate for the effects of film morphology in the construction of the RHEED pole figure. We will also apply an in situ RHEED surface pole figure technique to investigate the texture evolution of the Mg film grown under OAD. For in situ characterization a Mg evaporation source was added to the UHV chamber, as shown in figure 5(a) . The evaporation source can move along a semi-circular track to adjust the vapour deposition angle.
The substrate used for deposition was a Si wafer with a thin layer of native oxide on the surface. The vapour incident angle with respect to the substrate normal is ∼75
• . The distance between the evaporation source and the substrate holder was approximately 10 cm. The source was resistively heated to a desired temperature of ∼600 K for evaporation. The base pressure of the vacuum chamber was ∼4 × 10 −9 Torr. During the deposition the pressure rose to ∼2.0 × 10 −8 Torr. The Mg deposition was interrupted at 0.5, 4.5, 8.5, 13.7, 24.5, 34.7 and 49.7 min for in situ RHEED pole figure measurements. The morphologies and structures of the final Mg films were imaged ex situ by a field emission SEM. The thickness of the final Mg film obtained from the cross-sectional SEM images is ∼2.1 µm. The thickness refers to the vertical distance between the substrate and the Mg film surface. The growth rate was determined to be ∼43 nm min −1 .
Anisotropic morphology and azimuthal angle dependent RHEED patterns.
Due to the very fast diffusion of Mg atoms, during OAD the Mg film growth deviated significantly from the past experimental results for other materials using OAD and theoretical predictions [39] . This suggests that the Mg nanoblades have two preferred crystalline orientations, namely, biaxial or II-O texture. In a biaxial texture, due to the confinement of the azimuthal angle orientation the diffraction patterns will be different when an electron beam is incident at different azimuthal angles. In the RHEED pole figure measurement, the substrate is rotated azimuthally at an angle φ around the substrate normal. The geometry of the RHEED measurement at the azimuthal angle φ = 0
• (180 • ) is shown in figure 8(a) , where we defined the azimuthal angle φ = 0
• (180 • ) when the direction of the incident electron beam is 90
• with respect to the flux direction. In this geometry the electron beam direction is parallel to the wider width direction of nanoblades. Figure 8(b) is the RHEED pattern for the 49.7 min deposited film when the substrate is positioned at φ = 0
• (180 • ). The diffraction rings are sharper and break into arcs which indicate the formation of texture. Lower order arcs are labelled as (1 01 0) and (1 01 1). The pattern is asymmetric about the substrate normal. This asymmetry is a result of the oblique angle incident vapour deposition. As the substrate is rotated, the φ angle changes with respect to the incident electron beam direction. This also means that the wider width direction of nanoblades is rotated with respect to the electron beam direction. When the substrate is rotated to φ = 90
• (270 • ), the wider width direction of nanoblades is perpendicular to the electron beam direction. figure 8(a) , we can see that the morphology of the Mg film is extremely anisotropic. This anisotropic morphology can severely distort the RHEED pole figure, which is constructed from the polar intensity profiles at different azimuthal angles. In this section, a method of intensity normalization is presented to take care of this geometrical effect. For RHEED, a typical wave vector of incident electron beam k in is much larger than the interested reciprocal lattice vector G; therefore, the Ewald sphere could be approximated as a plane. Figure 9 (a) shows a 3D diagram of the constructed reciprocal space from the RHEED patterns of the Mg film deposited at 49.7 min (∼2.1 µm thick). Under the assumption that the Ewald sphere is approximated as a plane, the RHEED patterns at different azimuthal angles will have a common intersection line along the substrate normal, namely, the S k axis. In particular, point A on the S k axis is the cross point between the (1 01 0) arcs. Theoretically the intensity of point A obtained from RHEED patterns at different azimuthal angles should have the same intensity. However, from figure 9(b), we can see that this intensity shown as filled squares varied significantly with respect to the azimuthal angles. The valley of the intensity plot is around φ = 0
• (180 • ) while the peak intensity is around φ = 90
• (270 • ). Similarly for cross point B between (1 01 1) arcs the intensity (open squares) also varies with the azimuthal angle as shown in figure 9(b) . We argue that this intensity modulation in the azimuthal angles is due to the anisotropic morphology of the film. From the SEM image we can see that the film is composed of wellaligned nanoblades with wider surface (face) perpendicular to the vapour flux. During the measurement, when an electron beam is incident parallel to the wider width direction of nanoblades, shown in figure 8(a) for the measurement geometry, gaps between the nanoblade rows are exposed to the incident electrons that allow more electron channelling into the depth of the material. The channelled electrons will be captured in the bulk or contribute to the background [8] , which results in a weaker intensity at φ = 0
• (180 • ). The effect of electron channelling has been discussed in detail by Braun [8] . However, when the electron beam is perpendicular to the wider surface of nanoblades, shown in figure 8(c) for the measurement geometry for φ = 90
• (270 • ), the electrons are incident perpendicular to the channelling gaps and the diffraction intensity becomes strongest. Both arguments are consistent with the observations presented in figure 9(b) .
To compensate for the intensity modulation around the azimuthal angles, shown in figure 9(b) , we normalize the intensity of point A in different RHEED images to a constant value. In figures 10(a) and (b) the (1 01 parallel to the wider surface of the nanoblades. Before normalization, this intensity was significantly lower than the surroundings due to the intensity modulation described above. After normalization a centre pole clearly showed up along the dashed line. The pole structure suggests the formation of the biaxial texture. Through the analyses of the angles between different diffraction poles, [19, 20] we found the formation of a (1 01 0 Figure 11 shows normalized (1 01 0) and (1 01 1) RHEED pole figures at 8.5 (∼365 nm thick), 24.5 min (∼1.05 µm thick) and 34.7 min (∼1.49 µm thick) depositions. In the beginning of the 0.5 min deposition the distribution of the intensity in the pole figure is nearly even [20] . In addition to the movement of the pole position, we can also see that (11 0 1 
Evolution of texture in Mg nanoblades from normalized RHEED pole figures.
A comparison between RHEED surface pole figure and x-ray pole figure using area detector
The x-ray pole figure technique has been well established and widely applied to characterize the texture of thin films. However, XRD probes the average texture of the entire thickness of the film as the x-ray penetrates through the entire film (a few micrometres thick). Therefore, the x-ray pole figure is not suitable to study the surface texture evolution of a film. In this section, we give an example that compares the x-ray pole Before we compare the RHEED surface pole figure with the x-ray pole figure analysis we briefly describe the x-ray pole figure technique. In the conventional x-ray pole figure setup, one uses a point detector to collect the diffraction intensity. To construct a pole figure, intensities at thousands of different spatial angles in θ and φ have to be measured. Construction of one pole figure could take considerable amount of time. Recently the technology of the x-ray area detector has been greatly advanced. The commercial availability of 2D xray detectors has made their high speed acquisition available [24] [25] [26] [27] . Figure 12 (a) shows a schematic of the x-ray pole figure setup using an area detector. In the setup the x-ray source and detector are fixed while the sample can be rotated azimuthally in angle φ and tilted at different χ angles. The x-ray is usually scattered into a large spatial angle so that the x-ray area detector may not be able to cover the whole range of a particular Bragg diffraction ring, as demonstrated in Figure 12 . (a) A schematic of the x-ray pole figure setup using an area detector. In the setup the x-ray source and detector are fixed while the sample can be rotated azimuthally in an angle φ and tilted at different χ angles. When the x-ray detector cannot cover the whole range of a particular Bragg diffraction ring represented by a bold circle, the tilting of the sample is necessary to construct a complete pole figure. k in and k out are the wave vectors of the incident and scattered x-ray beams, respectively. The 2θ Bragg is the diffraction angle for the particular diffraction ring. (b) A schematic of the Ewald sphere construction (light shaded sphere) in XRD and a reciprocal space structure of randomly oriented crystals (darker shaded sphere). The horizontal dashed line represents the shadowing edge. The finite size area detector in (a) catches part of the intensity ring below the shadow edge in (b). figure 12(a) . In this case, the tilting of the sample is necessary to construct a complete x-ray pole figure. The construction of a pole figure using an x-ray area detector from multiple diffraction patterns is similar to the construction of the RHEED surface pole figure. However, in a typical XRD measurement, the radius of the Ewald sphere is much smaller than that of the RHEED diffraction. For example, the typical electron energy we used in our RHEED is 9 KeV, which gives a wave vector of ∼48 Å −1 . This value is much larger than the wave vector for a Cu K α x-ray, which is ∼4 Å −1 . The x-ray Ewald sphere shown in figure 12 (b) as a light shaded region cannot be approximated as a plane as illustrated in the schematic of figure 1(h) . The darker shaded sphere centred at the origin of the reciprocal space or the end of k in is the reciprocal space structure from a polycrystalline sample. The measured diffraction ring from a polycrystalline sample also tilts away significantly from the substrate normal (perpendicular to the horizontal dashed line that is the shadow edge in figure 12(b) ) when the x-ray is not incident from a grazing angle. In this case a more complex geometrical conversion, connecting the diffraction pattern to the spherical cutting of the x-ray Ewald sphere, has to be used to construct a pole figure [24] . This conversion relationship depends on the crystal structure, the wavelength used and the size and the position of the detector [24] . Since the distance between a particular point on the diffraction pattern and the sample can vary significantly, the measured diffraction intensity also needs to be normalized by dividing the square of that distance [24] . In addition, most of the Bragg diffractions corresponding to large reciprocal space vectors would be absent in the XRD patterns [24, 27] . In contrast, the Ewald sphere of RHEED at an in-plane azimuthal angle can be approximately viewed as a plane; therefore RHEED patterns can cover almost half of the reciprocal space if one rotates the substrate. Figures 13(a) -(h) show a comparison between the x-ray pole figures and the RHEED surface pole figures of 2.1 and 12 µm thick Mg nanoblades. The x-ray pole figures were taken using a Bruker D8 Discover diffractometer. The primary Cu x-ray wavelength is K α at 1.5405 Å. The detector was placed at 15 cm from the sample yielding a polar angle coverage of ∼33
• . Due to the limited detector size, only part of the diffraction pattern is covered. For obtaining a full pole figure, the sample is tilted at three different angles χ : 12
• , 42
• and 72
• . At each angle the sample was rotated through an φ angle of 360
• at 8
• , 5
• and 5
• step sizes for the respective tilts. Figure 13 (a) is the (1 01 0) x-ray pole figure for the 2.1 µm thick Mg nanoblades. The whole pole figure was made up by stitching three parts that are from ∼0
• to ∼30
• , ∼30
• to ∼60
• and ∼60
• to ∼80
• . The white dashed circles in figure 13(a) indicate the stitching locations. These parts correspond to the tilting of the sample at 12
• , respectively. Since the detector covered a range of polar angles of ∼33
• , each respective tilt measured the polar angle ranging from ∼0
• to ∼28.5 • , ∼25.5
• to ∼58.5 • and ∼55.5
• to ∼88.5
• . Between each set of patterns, there was a narrow range of polar angles overlapped. The stitching was simply performed by assuming that the overlapped angles have the same intensity. Figure 13(b) is the (1 01 1) x-ray pole figure for the 2.1 µm thick Mg nanoblades. Both these pole figures show the intensity variation, but no distinct pole structures are clearly resolved. In contrast, the RHEED surface pole figures for this film thickness shown in figures 13(c) and (d) revealed clear poles, which indicates the formation of a strong surface biaxial texture. Our previous RHEED pole figure analysis showed that the biaxial texture changed continuously in the early growth stage. Since x-ray pole figures measure the average texture of the entire film, it is not surprising to observe the absence of distinct poles in the x-ray pole figures. For a thinner film the strong electron scattering cross section also provides a better contrast in the RHEED surface pole figure. For the 12 µm thicker Mg nanoblades the intensity contrast in the x-ray pole figure in figures 13(e) and (f ) improved compared with that of the 2.1 µm thick film shown in figures 13(a) and (b). The intensity associated with the (11 0 0), (1 01 0) and (0 11 0) poles in figure 13(e) are much more obvious and defined, so is the intensity associated with the poles in figure 13 (f ). For this thicker film, the x-ray pole figures resemble the RHEED surface pole figures, shown in figures 13(g) and (h). This indicates that the texture has been stabilized in the latter growth stage of the Mg films, so the average texture of the film within the probing depth of the x-ray is similar to that of the surface texture. In reality during growth the texture shown by RHEED surface poles in figures 13(c) and (d) for 2.1 µm thick film continued to evolve as the film becomes thicker. This is clearly seen from the 12 µm thick film that three surface poles moved towards the centre as shown in figures 13(g) and (h).
From the above example we clearly demonstrate the surface sensitive nature of the RHEED surface pole figure compared with that of the conventional x-ray pole figure. This makes RHEED a very powerful tool for in situ characterization and motoring of thin film texture evolution. In addition, any poles from the substrate would not appear in the RHEED surface pole figure because of limited electron penetration depth even when the film is very thin. This is not the case for the x-ray pole figure where the poles from the substrate often appear due to the large x-ray penetration depth. In table 1, we summarize the comparison between the RHEED surface pole figure and the x-ray pole figure techniques.
Conclusions/remarks
In summary, we showed that it is possible to construct a reflection high-energy electron diffraction (RHEED) surface pole figure of a polycrystalline film by recording multiple RHEED patterns as we rotate the substrate around the surface normal. Since electrons have limited penetration depth, the pole figure constructed is a surface pole figure. It is in contrast to the conventional x-ray pole figure which gives the average texture information of the entire film. Ru vertical nanorods and Mg nanoblades are used as examples to demonstrate the pole figure construction processes of a fibre and a biaxial texture, respectively. For a biaxially textured film, the film morphology often has an in-plane anisotropy. This morphological anisotropy could severely distort the constructed pole figures, as shown in our in situ study of Mg nanoblades growth. To compensate for the effects of anisotropic morphology in the RHEED pole figure, additional intensity normalization has to be applied. A more detailed calculation of the orientation density function (ODF) of the pole figures can be carried out [7, 40] . The ODF basically is the volume fraction of all crystallites with a particular orientation. Thus allows a quantitative description of the texture of a crystalline phase. Armed with the RHEED surface pole technique, one would be able to study how the texture changes during different stages of growth and to gain insights into factors that control the texture formation through atomistic models. Experimentally further improvements in data collection and RHEED pole figure construction can be done. For example, it would be desirable to put an energy filter in front of the phosphor screen to reduce the contribution of the background intensity originating from the inelastic scattering. Also in order to reduce the overlapping of adjacent diffraction rings, a lower energy (less than 9 KeV) electron beam can be used to increase the angular separation between the rings.
